Recent studies have provided evidence for a dual role of nitric oxide (NO) during murine leishmaniasis. To explore this problem, we monitored the formation of NO and its derived oxidants during the course of Leishmania amazonensis infection in tissues of susceptible (BALB/c) and relatively resistant (C57BL/6) mice. NO production was detected directly by low-temperature electron paramagnetic resonance spectra of animal tissues. Both mouse strains presented detectable levels of hemoglobin nitrosyl (HbNO) complexes and of heme nitrosyl and iron-dithiol-dinitrosyl complexes in the blood and footpad lesions, respectively. Estimation of the nitrosyl complex levels demonstrated that most of the NO is synthesized in the footpad lesions. In agreement, immunohistochemical analysis of the lesions demonstrated the presence of nitrotyrosine in proteins of macrophage vacuoles and parasites. Since macrophages lack myeloperoxidase, peroxynitrite is likely to be the nitrating NO metabolite produced during the infection. The levels of HbNO complexes in the blood reflected changes occurring during the infection such as those in parasite burden and lesion size. The maximum levels of HbNO complexes detected in the blood of susceptible mice were higher than those of C57BL/6 mice but occurred at late stages of infection and were accompanied by the presence of bacteria in the cutaneous lesions. The results indicate that the local production of NO is an important mechanism for the elimination of parasites if it occurs before the parasite burden becomes too high. From then on, elevated production of NO and derived oxidants aggravates the inflammatory process with the occurrence of a hypoxic environment that may favor secondary infections.
Leishmaniasis is an endemic parasitosis caused by several species of the genus Leishmania, an intramacrophage parasite. The severity of disease produced by the diverse species that infect humans varies widely, ranging from cutaneous or mucosal to visceral or diffuse cutaneous infection. The former is generally caused by Leishmania amazonensis, a species transmitted mainly in the Amazon region which is associated with localized, benign, cutaneous lesions (25, 53) .
In murine models, BALB/c mice develop uncontrolled cutaneous lesions after L. amazonensis inoculation (34) . In contrast, relatively resistant strains of mice (A/J and C57BL/6) are able to control cutaneous infection (2, 34) . Most of our current understanding of the circumstances that lead to different outcomes of leishmaniasis has come from studies of murine L. major infection. The resolution and progression of the disease are modulated by preferential activation/expansion of subsets of either Th1 or Th2 cells. Macrophages activated by numerous T-cell-derived cytokines, gamma interferon being the most potent, are capable of killing the parasite (35, 44) . Recently, nitric oxide (NO; the International Union of Pure and Applied Chemistry-recommended names for NO and peroxynitrite are nitrogen monoxide and oxoperoxynitrate [Ϫ1], respectively) has been implicated in the leishmanicidal activity of these cells and, consequently, in the resolution of disease. Gamma interferon-treated murine macrophages exhibit increased killing of L. major amastigotes that is attributable to NO production via an L-arginine-dependent pathway (24) . In addition, increased nitrite/nitrate urinary levels correlated with reduced infection and treatment of resistant mice with inhibitors of NO synthases (NOS) exacerbated the disease (19, 32) . Expression of inducible NOS (iNOS) analyzed by either histochemical staining or mRNA production was correlated with resistance to L. major in murine models (47) . In agreement, mutant mice lacking iNOS were shown to be susceptible to the parasite (54) .
However, a few studies have demonstrated that during the late stages of infection the overall ability of susceptible mice to generate NO is not limited (20, 23, 37) . Nabors et al. (37) have reported that the levels of iNOS mRNA are high in chronic, nonhealing lesions of mice infected with L. major, despite being relatively low in early infection. We demonstrated that the levels of NO detected as hemoglobin nitrosyl (HbNO) complexes in blood of BALB/c mice infected with L. amazonensis increase with disease evolution (23) . In agreement, Evans et al. (19) have shown that the urinary levels of nitrite/ nitrate excreted by BALB/c mice infected with L. major increased at late stages of infection. Additionally, we demonstrated the presence of proteins containing nitrotyrosines in the cutaneous lesions of BALB/c mice infected with L. amazonensis (4, 23) , which is evidence for the formation of nitrating agents derived from NO such as peroxynitrite (7) . This potent oxidant, produced by the fast reaction between NO and superoxide anion, has been implicated in the pathogenic mechanism of several diseases (3, 7, 8, 29) . Since NO and its derived oxidants may play dual roles in either combating or aggravating the disease processes (1, 15, 21, 56) , we monitored their formation during the course of L. amazonensis infection in tissues of susceptible (BALB/c) and relatively resistant (C57BL/6) mice. Our results demonstrate the formation of NO and derived nitrating agents within macrophages localized in the footpad lesions of both strains, with maximum production occurring at different stages of infection. The late increased NO synthesis detected in the susceptible mice does not eliminate the parasites and appears to contribute to the establishment of secondary infections.
MATERIALS AND METHODS
Parasite and infection. L. amazonensis (MHOM/BR/73/M2269) amastigotes were obtained from footpad lesions of BALB/c mice as previously described (5) . Female BALB/c and C57BL/6 mice (6 weeks old) were injected subcutaneously in the right hind footpad with 2 ϫ 10 6 amastigotes. Evaluation of infection. The course of infection was monitored by measuring the increase in footpad thickness, compared with the contralateral uninfected footpad, with a dial caliper. At designated periods, mice were sacrificed to estimate parasite burdens in the footpad, the popliteal lymph node draining from the site of infection, the spleen, and the liver by a limiting-dilution procedure (51) . Data were analyzed with a previously published computer program (50) .
Blood and organ collection and EPR measurements. At designated periods, anesthetized mice were bled from the orbital plexus with heparinized pipettes and tubes. Blood, spleen, footpad tissue, and liver samples perfused with cold phosphate-buffered saline were immediately extruded with a syringe into a quartz tube (2.8-or 4.2-mm inside diameter by 3.8-or 5.0-mm inside diameter, respectively) and frozen in liquid nitrogen. Footpad bone was removed because low-temperature electron paramagnetic resonance (EPR) spectra of the whole footpad minced in liquid nitrogen were dominated by EPR signals of bone components (49) . The EPR spectra were obtained with a Bruker ER 200 D-SRC spectrometer by using a fingertip liquid nitrogen dewar. The data were transferred to an IBM/AT computer, where baseline subtraction and double integration were performed. Concentrations of HbNO complexes present in blood and footpad lesions were obtained by double integration of their EPR signal and comparison with the doubly integrated signal from samples of known concentrations prepared by adding saturated solutions of gaseous NO (Alphagaz, São Paulo, Brazil) in phosphate buffer to deoxyhemoglobin solutions (30) . The total heme content of blood and footpad samples was determined by the pyridine hemochromogen method after treatment with erythrocyte lysing buffer (Sigma Chemical Co., St. Louis, Mo.). Briefly, after scanning of the EPR spectrum, the footpad tissue (200 to 500 mg) was weighed, treated with lysing buffer (0.50 ml), vortexed, and centrifuged (three times) to obtain a clear supernatant that was diluted with the pyridine hemochromogen reagent; the heme concentration was expressed as nanomoles per gram of tissue.
In some experiments, infected mice were injected intraperitoneally with N Gmonomethyl-L-arginine at 50 mg/kg (Sigma Chemical Co.); 3 h later, the animals were bled and heparinized whole blood was immediately introduced into a quartz tube, frozen in liquid nitrogen, and subjected to EPR analysis.
Histopathologic and immunohistochemical analyses. Foot tissues of BALB/c and C57BL/6 mice were obtained after animal perfusion-fixation with 4% paraformaldehyde plus 0.1% glutaraldehyde in 0.1 M phosphate-buffered saline, pH 7.4. Tissues were dehydrated with an ethanol gradient (70 to 100%) and paraffin embedded with Histosec-Merck. Sections were stained with an affinity-purified rabbit polyclonal antinitrityrosine antibody as described previously (28) and counterstained with hematoxylin. 6 amastigotes. At the indicated weeks (w) after infection, two mice from each group were sacrificed, tissues were collected, and parasite numbers were determined by the limitingdilution assay. LN, lymph node. lesions in BALB/c mice as attested by the continuous increase in footpad thickness (Fig. 1A) up to ulceration, which occurs after about 7 weeks of infection in most animals. No sign of recovery was observed, and after 15 weeks, most mice had developed cutaneous metastatic lesions on the tail and nose. Around week 23, all of the BALB/c mice had died (Fig. 1B) . In the C57BL/6 mice, the skin lesions remained controlled, with pad sizes ranging from 4 to 4.5 mm (Fig. 1A) . Regression of the disease was not observed up to week 22. In this mouse strain, long-term survival was seen in 90% of the mice (Fig. 1B) . Tissue parasite burden analysis indicated that in the C57BL/6 mice, the parasite burden in the footpad, popliteal lymph node, and spleen reached a maximum at week 6 and was decreased by week 13 (Fig. 2B) . In contrast, the parasite burden progressively increased with time in all of the examined tissues from BALB/c mice ( Fig. 2A) . By week 13, the numbers of parasites in the footpad, popliteal lymph node, and spleen were 107-, 45-, and 250-fold higher, respectively, than the numbers found in the same tissues of C57BL/6 mice ( Fig. 2A and B) .
RESULTS

Course of L. amazonensis infection in BALB
Interesting to note was the presence of gram-positive rods with spores in Gram-stained smears prepared from the central necrotic area of BALB/c mouse lesions at late stages of infection (17 to 22 weeks) (Fig. 3) . These lesions produced the characteristic odor at anaerobic fermentation (38) , suggesting secondary infection with Clostridium sp.
NO production. The formation of NO during the course of L. amazonensis infection was monitored by low-temperature EPR measurements of HbNO complexes in the blood of infected mice (Fig. 4) (23) . A representative EPR spectrum of the blood drawn from infected mice is shown in Fig. 5A . This spectrum is qualitatively similar to those previously obtained from blood of other experimental animals producing NO, and it is a composite of two different spectra, one from pentacoordinate HbNO (g x Х 2.07; g z Х 2.01; A x ϭ A z Х 1.7 mT) and the other from hexacoordinate HbNO (g x Х 2.08; g z Х 1.98) (4, 12, 55) . The levels of HbNO complexes in blood during Leishmania infection reflected enzymatic production of NO because they were strongly reduced by administration of an inhibitor of NOS, N G -monomethyl-L-arginine, 3 h prior to mouse sacrifice (e.g., Fig. 5 ). 
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In the resistant mice, EPR-detectable levels of HbNO complexes were evident at week 5 and maximum levels (ca. 6.5 M) were attained at week 6 (Fig. 4) , when the parasite load in tissues (footpad, lymph node, and spleen) was at a maximum (Fig. 2B) . Thereafter, both the levels of HbNO complexes and the parasite load were reduced but continued production of NO was detectable for up to 28 weeks after infection. In contrast, the levels of HbNO complexes in susceptible BALB/c mice increased marginally (week 6, ca. 2.2 M; week 14, ca. 3.8 M) up to the time when metastatic lesions became evident and mortality rates were high (Fig. 1B) , and a steep increase in NO production was observed (Fig. 4) . Blood from naive C57BL/6 and BALB/c mice (23) did not show EPR-detectable levels of HbNO complexes (data not shown).
Detection of nitrosyl complexes in other tissues of infected mice was also attempted. Target organs of the parasite, such as the liver and spleen, did not present EPR-detectable levels of nitrosyl complexes (data not shown). Livers of both naive and infected mice showed the EPR signals characteristic of normal hepatocytes (12) . In contrast, EPR-detectable nitrosyl complexes were detected in the footpad lesions of both strains, and representative spectra are shown in Fig. 6 . The marked differences observed in the EPR spectra can be attributed to the diverse tissue architecture of the footpad lesions (Fig. 7) (34) . C57BL/6 mouse lesions produced EPR spectra dominated by an axial signal (g Х 2.04 and g Х 2.01) characteristic of irondithiol-dinitrosyl complexes [Fe(RS) 2 (NO) 2 ] (Fig. 6B) (6, 17, 31, 57) . Detection of the latter species, previously found in activated macrophages and their target cells after induction of NOS (6, 17, 31) , demonstrates that nitric oxide is produced in the footpad lesions of infected C57BL/6 mice. The same is true of infected BALB/c mice, whose footpad lesions produced EPR-detectable heme nitrosyl complexes (Fig. 6A) . Some iron-dithiol-dinitrosyl complexes were also present, as evidenced by the peak g Х 2.04, but the EPR spectra were dominated by signals characteristic of penta-and hexacoordinated heme nitrosyl complexes like those of hemoglobin ( Fig. 6A ; compare with Fig. 5A ). This similarity led us to compare the concentrations of heme nitrosyl complexes present in the lesions of BALB/c mice with those present in the blood of the same animal (Table 1) . Parallel determinations of the total heme present in the blood and footpad clearly demonstrated that a much higher percentage of it is bound to NO in the footpad than in the blood ( Table 1 ), indicating that most of the NO is produced in the footpad lesion during L. amazonensis infection.
A comparison of the levels of nitrosyl complexes present in the footpads of both strains during the course of infection is more difficult to perform because of the distinct complex signals that predominate in the EPR spectra of each mouse strain (Fig. 6 ). In addition, the lesions differ markedly in size (Fig. 1 ) and tissue architecture (Fig. 7) . In contrast, blood samples from both mouse strains were comparable and produced the same EPR spectrum (Fig. 5) (4, 23) , whose components can be easily quantitated (Fig. 4) 
(55).
Histopathologic and immunohistochemical analyses for determination of nitrotyrosine in L. amazonensis-infected mouse footpads. NO metabolites such as peroxynitrite (3, 7, 8, 27, 29) and nitrite (18, 52) can act as nitrating agents that produce nitrotyrosine residues in proteins. We have previously demonstrated formation of nitrotyrosine in the cutaneous lesions of BALB/c mice at late stages of infection by immunodot blot assay (23) . To determine the sites and timing of nitrotyrosine formation, we examined the footpad lesions by immunohistochemical analysis during the course of infection. Examination of footpad lesions of BALB/c and C57BL/6 mice stained for nitrotyrosine residues with hematoxylin counterstain revealed similar profiles at week 2 after L. amazonensis infection (Fig.  7A and B) . In both mouse strains, the initial lesions showed a mixed cellular population infiltrating the tissue that presents immunoreactivity for nitrotyrosine ( Fig. 7A and B) .
However, a clear difference was evident in the later stages of infection. At week 6, BALB/c mouse footpad tissue was dominated by parasitized macrophages (Fig. 7C) . By week 13, skin lesions continued to demonstrate massive numbers of vacuolated and heavily parasitized macrophages that infiltrated subcutaneous fat and muscle and completely replaced the normal tissue (Fig. 7E) . These lesions consistently showed nitrotyrosine staining in the parasitophorous vacuoles of macrophages and in the intracellular amastigotes. In contrast, the lesions of C57BL/6 mice at week 6 were characterized by some parasitized macrophages isolated by a variety of other cell types (Fig.  7D) . Later in the infection, these mice were able to decrease their parasite load (Fig. 2B ) but a few inflammatory cells could still be observed (Fig. 7F) . Immunoreactivity for nitrotyrosine was observed in the inflammatory cells and surrounding tissue (Fig. 7F) . Contralateral footpad tissue from BALB/c and C57BL/6 mice showed no immunostaining with the polyclonal antibody for nitrotyrosine (data not shown).
DISCUSSION
The results reported here demonstrated that NO (Fig. 4 to  6 ) and derived nitrating agents (Fig. 7) are produced during the course of L. amazonensis infection ( Fig. 1 and 2 ) in both susceptible and relatively resistant mice. NO production was detected directly by EPR of the produced HbNO complexes in FIG. 6 . Representative EPR spectra of footpad lesions of BALB/c (A) and C57BL/6 (B) mice. The footpads were extruded into quartz tubes as described in Materials and Methods. The spectra were run at 77 K. Spectrum A was obtained from one footpad of a BALB/c mouse at week 18 that was extruded into a quartz tube (2.8 by 3.2 mm); spectrum B was obtained from two footpads of two C57BL/6 mice at week 6 that were extruded into a quartz tube (Fig. 4 and 5 ) and of heme nitrosyl (Fig. 6A ) and iron-dithiol-dinitrosyl complexes (Fig. 6B) in the footpad lesions. Estimation of nitrosyl complex levels in whole blood and footpad lesions (Table 1 ) demonstrated that most of the NO is synthesized in the cutaneous lesions. This was further proved by the immunohistochemical detection of nitrotyrosine residues in proteins of the parasitophorous vacuoles of macrophages and of their parasites (Fig. 7) . Nitrotyrosine residues are produced by attack of protein tyrosines by NO-derived nitrating agents such as peroxynitrite (3, 7, 8, 27, 29) and nitrite (18, 52) . Peroxynitrite, produced by the fast reaction between NO and superoxide anion, is a nitrating agent by itself (27) , whereas nitrite produces nitrotyrosine upon activation by hypochlorous acid or peroxidase enzymes (18, 52) . Macrophages lack myeloperoxidase (45) , and consequently, peroxynitrite is likely to be the nitrating agent formed during the course of L. amazonensis infection. It has been previously reported that expression of iNOS occurs in the cutaneous lesions of mice during L. major infection (47) . Now, we demonstrate that the enzyme product, NO, is indeed produced in vivo.
To monitor NO production during the course of infection, we measured the levels of HbNO complexes in blood because they are easier to quantitate (see Results) and should reflect the production of NO in tissue. Hemoglobin is likely to act as a final sink for the NO produced in vivo because of its high affinity for the gas and its high concentration in the blood (in the millimolar range), which are much higher than those found for other cell proteins. In agreement, the levels of HbNO complexes found in blood correlated with the heme nitrosyl complexes found in the lesions (Table 1) . Moreover, the levels of HbNO complexes in the blood of susceptible and relatively resistant mice (Fig. 4) reflected changes occurring during the course of the infection, such as those in parasite burden (Fig.  2) , lesion size (Fig. 1) , lesion constitutive tissues (Fig. 7) , and formation of nitrotyrosine (Fig. 7) .
The maximum levels of HbNO complexes that can be detected during the infection of susceptible mice are higher than those of the relatively resistant mice but occur at different times of infection (Fig. 4) . The early increase in NO synthesis observed in the relatively resistant C57BL/6 mice appears to be important for the control of the infection because the parasite burden in tissues decreased thereafter (Fig. 2B) . In parallel, NO production decreased but remained detectable for up to 28 weeks after infection (Fig. 4) . This continued NO production should be related to the small amounts of L. amazonensis that remain in the tissues of the animals (Fig. 2) . Stenger et al. (48) have recently demonstrated that L. major parasites persist in small numbers in clinically cured mice and are important for the lifelong expression of iNOS at the site of the original lesion and in the draining lymph node. It is important to note that the increased NO production by C57BL/6 compared with naive or susceptible mice was detectable by week 5 (Fig. 4) , and this result agrees with studies performed with other murine models. Indeed, increased urinary excretion of nitrite/nitrate by resistant compared with susceptible mice infected with L. major was detectable at about week 2 (20) . Also, differences in lesion size between mutant iNOS Ϫ/Ϫ and wild-type mice were detectable 5 weeks after infection with L. major (54) . These results suggest that although local NO synthesis within macrophages ( Fig. 6 and 7) should be an important mechanism for the elimination of the parasites (9, 20, 54) , still unidentified factors may be produced in the early stages of infection and play a role in its control.
Although being formed in considerable quantities, neither NO nor its in vitro leishmanicidal metabolite peroxynitrite (4, 22) is able to control the infection in susceptible mice ( Fig. 1  and 7) . This is possibly a consequence of the late production of these derivatives that occurs at a stage when the parasite load is enormous ( Fig. 2 and 7) , secondary infection is occurring (Fig. 3) , and the cytotoxic activities of NO, probably exerted through its derived oxidants (10, 16, 22, 46) , are not sufficient to eliminate so many pathogens. The reasons why NO synthesis occurs at late stages of infection in susceptible mice remain unknown. It has been suggested that Leishmania-infected macrophages are less responsive to macrophage-activating factors (11, 41, 42) . If this is true, the late peak of NO synthesis may reflect the enormous number of macrophages present in the lesions at this time of infection (Fig. 7) that should compensate for the inefficiency of the individual cells in synthesizing NO. These macrophages may be responding to parasite-derived products (42) and also to bacterium-derived toxins (12, 14, 43) due to the ongoing secondary infection. The possibility that the parasite itself produces NO cannot be excluded because Trypanosoma cruzi, another trypanosomatid, has been shown to express NOS (40) .
In conclusion, our results support the view that local production of NO and its derived oxidants in macrophages is an important mechanism for the elimination of intracellular pathogens (9, 13, 33) . They emphasize, however, that control of murine L. amazonensis infection should depend on still unidentified factors that act in the early stages of infection. Also, they indicate that NO production is effective before the parasite burden becomes too high. From then on, elevated production of NO and derived oxidants appears to aggravate the inflammatory process, facilitating the occurrence of secondary infections. Inflammation is known to lead to a cycle of oxidant injury by recruiting more activated cells that produce increased levels of oxidants and by inducing several hypoxicreperfusion injury processes due to intermittent vascular occlusion (15, 26, 36, 39) . The predominance of a hypoxic environment may lead to the proliferation of anaerobic bacteria such as those detected in the footpad lesions of BALB/c mice. The final outcome is a general decline in health and increased mortality rates. b The percentage of total heme that appears as heme nitrosyl complexes is shown. Total heme concentrations determined in whole blood and footpad tissues were 6,210 Ϯ 125 M (n ϭ 18) and 103.7 Ϯ 18 nmol/g of tissue (n ϭ 4), respectively.
